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Abstract
 .We isolated a gene for serine acetyltransferase SAT , a key enzyme in sulfate assimilation, from the primitive red alga
Cyanidioschyzon merolae, an inhabitant of sulfurous hot springs, and designated this gene cmSAT. The N-terminal region of
the cmSAT protein has characteristics of a chloroplast targeting peptide. cmSAT protein fused with a 6= histidine tag
complemented a SAT deficient Escherichia coli mutant. The protein was purified with its SAT activity, which was
inhibited by cysteine, using the high affinity of the histidine tag in an Ni-NTA column. The K values for acetyl-CoA andm
L-serine were 0.3 and 0.1 mM, respectively. Southern blotting indicated the existence of other SAT isoforms in C. merolae.
A 2.4 kb transcript was always detected when growth was synchronized under a 12-h lightrdark cycle. Under these
conditions, a 31-kDa protein was always detected on immunoblots, indicating processing of the cmSAT protein and
constitutive expression of cmSAT. A 45-kDa protein, thought to be the unprocessed cmSAT protein, was detected in the
dark period, from M phase to early G1 phase. No significant change in the level of protein expression was detected under
continuous darkness or in a sulfate-deficient medium. Using immunoelectron microscopy, the cmSAT protein was primarily
detected in the stroma and a few were detected in the cytoplasm, which indicate that cmSAT protein is transported to and
functions in a chloroplast. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Cysteine synthesis, the final step in sulfate assimi-
lation, is an important part of the sulfur cycle in
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nature. Plants and microorganisms incorporate inor-
ganic sulfate as their major source of sulfur. This is
converted to cysteine, the first sulfur-containing
w xamino acid involved in a sequence of reactions 1 .
Since sulfate assimilation is the only way to change
w xinorganic sulfur into organic sulfur 2 , plants and
microorganisms are the only source of sulfur-contain-
ing organic compounds for animals, which lack this
capability. Two enzymes, serine acetyltransferase
 . SAT, E.C. 2.3.1.30 and OAS-thiollyase OASTL,
.E.C. 4.2.99.8 , are involved in cysteine synthesis.
0167-4889r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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SAT catalyzes the acetylation of L-serine by acetyl-
 .CoA to yield O-acetylserine OAS . OASTL then
catalyzes the reaction of OAS with sulfide to produce
w xL-cysteine 3 . These two enzymes are thought to
w xform a complex known as cysteine synthase 3,4 .
Our knowledge of the biochemical pathway of
sulfate assimilation in plants, from sulfate uptake to
cysteine synthesis, is the product of many biochemi-
w xcal and molecular biological studies 5,6 . As for
SAT, its enzyme activity as well as OASTL activity
was detected in cytoplasm, mitochondria and chloro-
w xplasts 4,7 , which indicated each intracellular com-
partment has the ability to synthesize L-cysteine. Of
several cDNA clones of SAT isolated from plants,
the clone from watermelon was proven to encode a
w xcytosolic form 8 . In A. thaliana, at least three
copies of SAT gene were detected by cDNA cloning
w xand genomic Southern blotting 7,9,10 . However,
SAT proteins encoded by the cloned cDNAs were not
cytologically localized and localization of most of
them were speculated by putative transit peptides for
mitochondria or chloroplasts. One of the reasons is
the scarcity and low activity of SAT protein in higher
plants. However, products of SAT genes should be
localized and characterized to study how regulation
of gene expression affects activities in three compart-
ments and how these compartments contribute to-
wards cysteine synthesis.
In this study, we found and isolated the SAT gene
of the thermo-acidiphilic red alga Cyanidioschyzon
merolae in analyzing the smallest chromosome, chro-
mosome I and designated this gene cmSAT. Until
now, SAT cDNA clones or genes have been isolated
only from higher plants. C. merolae is a red alga that
is native to a hot spring in Italy and is cultured at pH
w x2.5 11 . We believe that studying sulfate assimilation
in this alga may provide useful information that can
be applied to sulfate assimilation in all organisms and
decided to investigate it further. C. merolae is suit-
able for the subcellular localization of proteins be-
cause it is an oval cell containing a single nucleus,
one lens-shaped mitochondrion, and a single
w xtorpedo-shaped chloroplast 11–13 . These three or-
ganelles are clearly recognizable. This alga multiplies
by a binary division and its mitotic cycle can be
w xsynchronized by a 12-h lightrdark cycle 14,15 , so it
is suited for the study of gene expression during the
mitotic cycle.
For these reasons, we characterized cmSAT, stud-
ied its expression and concluded that cmSAT is a
chloroplast isoform. To our knowledge, this is the
first report of an immunoelectron microscopic study
of sulfate assimilation enzymes.
2. Materials and methods
2.1. C. merolae cell culture
The life cycle and general methods for culturing
the red alga C. merolae have been well-described
w x16 . For sulfate-deficient conditions, the sulfate ion
was replaced by the chloride ion. Cell growth was
synchronized using a previously described method
w x14 .
2.2. DNA cloning
Total DNA was extracted using standard methods
w x13 . DNA was completely digested with BamHI.
The DNA fragments were ligated with pBluescript II
 .SKq vectors Stratagene, USA digested by BamHI,
and then cloned using XL1-Blue as the host bac-
terium according to the methods of Sambrook et al.
w x17 . One of these clones, clone 21, which contained
a 6.1-kb fragment, was the focus of further study.
2.3. DNA sequencing
Unidirectional deletions in the cloned fragments
were produced using the ExorMung Bean Nuclease
 .deletion kit Stratagene, USA following the manu-
facturer’s instructions. Double-stranded DNA was se-
quenced by the dideoxynucleotide chain termination
w xmethod 18 using a 373S DNA sequencing system
and the PRISM Taq DyeDeoxy Terminator Cycle
Sequencing Kit Perkin Elmer Japan, Applied Biosys-
.tems Division, Chiba following the manufacturer’s
instructions. The sequence we obtained was com-
pared with sequences from the GenBankrSWISS-
PROT databases and analyzed with the program
 .DNASIS Hitachi Software Engineering, Japan .
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( )2.4. Pulsed-field gel electrophoresis PFGE and
Southern hybridization
PFGE was performed using previously described
w xmethods 19 . Total DNA was prepared using stan-
w xdard methods 13 . An 888 bp DNA fragment, cut
from clone 21 with Pst I, which included bases 235
to 1122 of the SAT coding region, was used as a
probe. The DNA fragments were electrophoresed in
1.0% agarose gels in a Tris–acetate–EDTA buffer
w xsystem 17 . The DNA was transferred to nylon
membranes using the VacuGene vacuum blotting sys-
tem according to the manufacturer’s instructions
 .Pharmacia . The membranes were then baked at
808C for 2 h. Southern hybridization was performed
using the Fluorescein Gene Images labeling and de-
 .tection system Amersham . The blots were placed on
Kodak X-OMAT AR film in a film cassette for 6 h
exposures.
2.5. RNA extraction
Total cell RNA from C. merolae was isolated
using a modification of the method of Ohta et al.
w x 720 . A total of 500 ml of synchronized 10 rml C.
merolae cells was collected at six different times.
The cells were pelleted, resuspended and vortexed in
 .a mixture of 50% phenol pH 8.0 , 0.5% SDS and 25
 .mM Tris–HCl pH 9.0 for 15 min at 208C. Total
RNA was isolated by phenol–chloroform extraction
followed by precipitation with LiCl and density cen-
trifugation in CsCl.
2.6. Northern hybridization
Five micrograms of total cell RNA were glyoxyl-
ated and electrophoresed in a 1.0% agarose gel in 10
 .mM sodium phosphate buffer pH 7.0 for 2.5 h at 70
V with rapid circulation of the buffer. After elec-
trophoresis, the samples were transferred to a nylon
membrane with 20= SSC using the method de-
scribed above, baked for 2 h at 808C and boiled in TE
buffer at 1008C, for 5 min. Hybridization and signal
detection were performed using the method described
above and following the manufacturer’s protocol for
Northern hybridization.
2.7. Antibody production and immunoblotting
A deletion clone of clone 21, missing 333 nu-
cleotides at the 5X-end of the cmSAT coding region,
was digested with KpnI. A fragment, which included
the SAT coding region minus the 5X-end, was sub-
cloned into the KpnI site of the vector pQE-32 using
 .the QIAexpress system QIAGEN . Recombinants
were isolated with the DNA fragment in both orienta-
 .tions relative to the promoter to give pQE-32-SAT y
 .  .and pQE-32-SAT q . pQE-32-SAT q encoded a
polypeptide missing 111 amino acids from the N-
terminal region of SAT as a 6= His tag-fusion
protein. The fusion protein was expressed in E. coli
 .XL1-Blue and purified with a Ni-NTA column. The
purified fusion protein was injected into a rabbit as
an antigen to produce antiserum with the assistance
.of Shibayagi, Japan . The same antigen was also
injected into a mouse and a second antiserum was
produced. Frozen cells were disrupted by thawing,
 .suspended in 50 mM Tris–HCl pH 8.0 and soni-
cated using a TOMY UD-201 sonicator. The super-
natant was collected as crude extracts and separated
w xby SDS-PAGE 21 . It was then transferred to nitro-
cellulose using a Trans-Blot Electrophoretic Transfer
 .Cell Bio-Rad . Immunoblotting with the anti-SAT
antiserum was performed using Immun-Blot Assay
 .  .Kit Bio-Rad with Goat–anti-rabbit IgG HqL
alkaline phosphatase conjugate following the proto-
cols provided by the manufacturer.
2.8. Complementation test
The E. coli CysE non-leaky mutant strain JM15
lacks SAT activity and will not grow when sulfate is
the sole sulfur source, although it will grow on
w x  .cysteine 22 . pQE-32, pQE-32-SAT y and pQE-
 . 32-SAT q were transformed into JM15 obtained
from Dr. B. Bachmann, E. coli Genetic Stock Center,
.Yale University, USA . Colonies were selected on
LB medium containing 100 mM ampicillin. JM15
and the transformants were inoculated onto three
mediums: M9, M9q0.85 mM cystine and M9q0.85
mM cystine and 100 mM ampicillin.
2.9. Enzyme assays
 .Frozen cells of the E. coli strain JM15-SAT q
  ..JM15 transformed with pQE-32-SAT q and the
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non-mutant strain JM109 were thawed, suspended in
 .20 mM phosphate and 0.5 M NaCl pH 7.4 and
disrupted by sonication. The crude extract was cen-
trifuged at 16 000=g for 15 min and the supernatant
collected. A 6= His tag-fusion protein was purified
in an Ni-NTA column under non-denaturing condi-
tions. Both the crude extract and purified protein
were used for enzyme assays. SAT activity was
assayed by monitoring either the disappearance of the
232-nm absorbance peak of acetyl-CoA or the ap-
pearance of the 412-nm absorbance peak of thioni-
w xtrobenzoic acid according to Kredich et al. 3 .
2.10. Immunoelectron microscopy
For immunoelectron microscopy, cells were frozen
by plunging them into liquid propane, fixed and
embedded in LR White according to the methods of
w x  .Takahashi et al. 23 . Thin sections 90 nm thick of
the alga embedded in LR White were treated by the
w ximmuno-gold method of Osafune et al. 24 . The
sections were labeled with either rabbit or mouse
antisera to one of three antigens: cmSAT protein, the
Rubisco large subunit of Chlamydomonas rein-
hardtii, and preimmune rabbit serum. These three
were used at dilutions of 1:40, 1:100 and 1:40,
respectively. The rabbit antiserum against the Ru-
bisco large subunit was kindly provided by Dr. S.
 . w xMuto Nagoya University 25 . After washing the
grids, the primary antibody was labeled indirectly
with either commercial goat anti-rabbit or anti-mouse
IgG 15 nm colloidal golds Zymed, San Francisco,
.CA, USA , diluted 1:80, for 1 h at 378C.
3. Results
3.1. Nucleotide and predicted amino acid sequences
of serine acetyltransferase
Chromosome I is the smallest chromosome in C.
merolae. From pulsed-field gel electrophoresis stud-
w xies, its size is estimated to be 420 kb 19 . To search
for chromosome I specific genes, we cloned and
sequenced fragments of chromosome I. One of the
genomic DNA clones of the chromosome I, clone 21,
was completely sequenced. This clone consists of
6115 nucleotides. Analysis of this sequence identified
Fig. 1. Nucleotide and predicted amino acid sequences of the C. merolae serine acetyltransferase gene. Nucleotides and amino acids are
numbered to the left of the sequences. The deduced amino acid sequence of the protein is shown by the single-letter IUPAC code
 .positioned under the nucleotide sequence. The location of the histidine-tag is indicated by % above the amino acid sequence.
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an open reading frame that encodes a 402 amino acid
polypeptide. The complete sequence of this open
reading frame and flanking regions is given in Fig. 1.
A search of the GenBankrSWISS-PROT databases
with the program DNASIS revealed similarities be-
tween this putative protein and the serine acetyltrans-
ferases of plants and microorganisms. We designated
this gene cmSAT C. merolae serine acetyltrans-
.ferase . cmSAT gene comprises no intron at least in
the open reading frame.
The predicted molecular weight of the cmSAT
protein is 43 737. This is greater than the predicted
molecular weights of purified higher plant SAT pro-
teins, estimated to be between 33 000 and 35 000 by
w xelectrophoresis 4,26 . The sequence of the cmSAT
protein was compared with similar proteins from E.
 . coli CysE protein and higher plants Arabidopsis
thaliana, Sat-1; A. thaliana, Sat-52; Citrullus ˝ul-
 .garis watermelon , Sat2; and Spinacia oleracea
 . .  .Spinach , SAT Fig. 2 . Amino acids 192 to 353 are
highly conserved. The cmSAT protein is 89 amino
acids longer than the watermelon SAT cytosolic iso-
 .form Sat2 and 108 amino acids longer than the E.
coli SAT. The additional amino acids are in the
N-terminal region. The first 114 residues of cmSAT
have a high proportion of hydroxylated amino acids
 .  .20% Fig. 1 . This is a characteristic of both mito-
w xchondrial and chloroplast targeting peptides 27,28 .
The first 114 residues show no highly conserved
sequence, so it was not clear whether cmSAT is
targeted to a mitochondrion or a chloroplast. Analy-
ses using DNASIS and the ‘Predict Protein’ server at
Fig. 2. An alignment of the amino acid sequences of plant and bacterial serine acetyltransferases. The SAT sequences compared are: C.
 . w x w x w x merolae cmSAT this paper ; A. thaliana Sat-1 40 ; A. thaliana Sat-52 9 ; C. ˝ulgaris Sat2 8 ; S. oleracea SAT GenBank accession
. w xno. D88529 and E. coli cysE 41 . Sequence numbering is shown on the right. Amino acid residues identical to C. merolae cmSAT are
 .shown by a dash - . The overall consensus sequence is shown on the bottom line.
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 .Fig. 3. Complementation of the serine acetyltransferase CysE
 .mutant E. coli JM15 JM15-SAT q contains cmSAT in frame
 .with the 6= histidine sequence of vector pQE-32. JM15-SAT y
contains cmSAT in reverse orientation. JM15-pQE32 contains the
wildtype plasmid. JM15 is a mutant strain without a plasmid.
Each strain was subject to three treatments: M9 mediumq0.85
 .mM cystine and 100 mM ampicillin A , M9 mediumq0.85 mM
 .  .cystine B and M9 medium without cystine C .
EMBL Heidelberg, suggest that the region from
residue 101 to 112 has the potential for forming a
b-strand rather than a helical structure. While a po-
tential for forming helices is a characteristic of a
w xmitochondrial targeting peptide 29 , a chloroplast
targeting peptide has a region of about 10 amino
acids before processing site which has theoretically a
w xhigh potential for forming amphiphilic B-strands 28 .
In addition, the structure of the cmSAT protein be-
came helical beyond residue 118. The area of transi-
tion from a b-strand to a more helical structure is
w xthought to mark the cleavage site 28 .
For these reasons, we speculate that the 120
residues in the N-terminal region identify the protein
as a chloroplast targeting peptide. The predicted
molecular weight less the first 120 amino acids is
30,566, nearer the molecular weights of purified
higher plant SAT proteins.
3.2. Complementation test
The functional identity of the protein encoded by
cmSAT was confirmed by heterologous complemen-
tation with the serine acetyltransferase negative E.
w xcoli strain JM15 22 . A DNA fragment, which in-
cluded the coding region of cmSAT less the 5X-end
corresponding to the 111 amino acids of the N-termi-
nal region, was cloned in frame with the 6= histi-
dine tag sequence of the vector pQE-32, to produce
 .pQE-32-SAT q and the protein was expressed as a
fusion protein. The plasmid vector pQE-32 and pQE-
 .32-SAT y , which contains cmSAT in reverse orien-
tation, were used as controls. JM15 cells were trans-
 .formed with pQE-32, pQE-32-SAT q and pQE-32-
 .SAT y . Selection for ampicillin resistance, pro-
 .duced the strains JM15-pQE32, JM15-SAT q and
Table 1
Serine acetyltransferase activity of crude extracts from E. coli and the purified fusion protein
y3 b .Sample activity 10 U rmg protein
Crude JM109 extracts 9.5
Crude JM15 extracts 0
 .JM15-SAT q
 .1 Crude extracts 8.9
a .2 Purified extracts 46
a .3 Purified extracts q10 mM cysteine 12
a .4 Purified extracts q50 mM cysteine 7.1
a .5 Purified extracts q100 mM cysteine 0
aThe extracts were washed in 20 mM imidazole and 50 mM imidazole following the manufacturer’s protocol.
bA unit of enzyme is defined as the amount of enzyme that will catalyze the acetylation of 1 mmol of L-serine per min under the
conditions of the assay.
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Fig. 4. Determination of the K of recombinant cmSAT. Them
kinetic studies were carried out by monitoring the decrease in
A dye to cleavage of the thioester bond of acetyl-CoA as232
determined under Section 2.9.
 .JM15-SAT y . Each strain was inoculated onto three
mediums: M9q0.85 mM cystine and 100 mM ampi-
 .cillin, M9q0.85 mM cystine and M9 Fig. 3A–C .
All the transformed JM15 cells grew on the M9q
cystine medium containing 100 mM ampicillin, al-
 .though the growth of JM15-SAT y cells was not as
 .heavy Fig. 3A . Cells from all four strains, JM15
and the three transformed strains, also grew on the
 .cystine medium without ampicillin Fig. 3B . Only
 . JM15-SAT q grew in the absence of cystine Fig.
.3C . These results suggest that the fusion protein was
expressed and functioned as a serine acetyltrans-
ferase.
3.3. SAT enzyme assay
The fusion protein was purified and its enzymatic
 .properties were studied Table 1 . SAT liberates CoA
from acetyl-CoA by hydrolysis and acetylates L-serine
w x3 . The hydrolysis of acetyl-CoA was monitored
spectrophotometrically. The rate of hydrolysis was
determined from crude extracts of JM109 and JM15-
 .  .SAT q . JM15-SAT q had the same level of serine
acetyltransferase activity as JM109 while JM15 lacked
 .this activity. The pQE-32-SAT q fusion protein
was purified in an Ni-NTA column and tested for
enzyme activity. The purified protein had a five-fold
increase in activity, compared with the crude extract.
Since other SAT proteins are inhibited by cysteine
w x3,8 , cysteine was added to the mixture containing
the fusion protein. The addition of 10 mM, 50 mM
and 100 mM cysteine reduced enzymatic activity by
74%, 85%, and 100%, respectively. From the JM15-
 .SAT q extracts, the K values were determined tom
 .  .Fig. 5. DNA hybridization of gene specific probes for cmSAT to C. merolae genomic DNA. A Location of clone 21 lane 1 .
 .  .  .Hybridization to separate chromosomes lane 1 revealed that clone 21 is from the smallest chromosome, chromosome I lane 2 . B
 .  .  .  .  .DNA digested with BamHI lane 1 , EcoRI lane 2 , EcoRV lane 3 , HindIII lane 4 and KpnI lane 5 . Size markers are to the left of
the lanes. Faint bands are noted with arrows.
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be 0.3 mM for acetyl-CoA and 0.1 mM for L-serine,
being comparable with those reported for plant SAT
w x  .7,8,26 Fig. 4 . These results verified the SAT
activity of the cmSAT protein and demonstrated cys-
teine feedback regulation of the cmSAT protein.
3.4. Southern blot and Northern blot analysis
As shown in Fig. 5A, clone 21, which includes the
cmSAT gene, hybridized with the most mobile chro-
mosome. To look for SAT isoforms, genomic DNA
from C. merolae was digested with five restriction
enzymes and subjected to Southern blot analysis us-
ing a probe that included bases 235 to 1122 of the
 .cmSAT coding region Fig. 5B . There is a single
HindIII site in the cmSAT coding region. The probe
hybridized with C. merolae DNA on 6.1 kb BamHI,
14 kb EcoRI, 18 kb EcoRV, 4.9 kb KpnI, and 6.2 kb
Fig. 6. Northern hybridization was performed using total RNA
from a synchronized culture of C. merolae cells. The total RNA
was electrophoresed, transferred to a nylon membrane, and then
 .hybridized with probes specific for the cmSAT gene. A The M
phase specific C. merolae actin gene was used for comparison.
The cytosolic rRNA gene was used to probe the same membrane
 .as used for the cmSAT gene. B RNA harvested from the cell
 .  .  .  .culture at D0 lane 1 , D4 lane 2 , D8 lane 3 and D12 lane 4
 .  .of the second dark period, and L4 lane 5 and L8 lane 6 of the
third light period was used. The mitotic index was calculated for
each cell culture. The black box represents periods of darkness
and the white box represents light periods.
 .Fig. 7. Analyses of cmSAT protein expression. A Proteins
extracted from the synchronized culture of C. merolae cells were
analyzed by immunoblotting. The same sampling times as given
 .in Fig. 5B were used here. B Protein levels in a medium with 0
 .  .mM sulfate incubated for 12 h lane 1 , 24 h lane 2 and 72 h
 .  .lane 3 and incubated in the dark with sulfate for 72 h lane 4
 .are compared with normal conditions lane 5 .
and 20 kb HindIII fragments. In addition to these
main bands, there was much weaker hybridization
with 3.4 kb and 3.8 kb BamHI and 7.4 kb KpnI
 .fragments arrows . These suggest that a divergent
gene copy encoding an isoform of SAT may exist in
C. merolae.
Northern blot analyses were used to study cmSAT
transcription with cell samples drawn from cultures
 .synchronized in a 12-h lightrdark 12L:12D cycle.
In the 12L:12D cycle, C. merolae cells remain in the
G1 phase until 9 h after the onset of the light period.
The onset of the light and dark periods is defined as
L0 and D0. The cell cycle reaches S, G2 and M
phases and G1 phase again at D0, D4, D8 and D12,
w xrespectively 14,30 . Therefore, we prepared RNA
from cell samples drawn at D0, D4, D8 and D12 of
the second dark period, and at L4 and L8 of the third
light period. The mitotic index peaked at 55% at D8
of the second dark period. This is illustrated in Fig.
6B. Five micrograms of RNA populations from the
six samples of C. merolae cell culture were prepared
and probed for cmSAT transcripts by Northern hy-
 .bridization Fig. 6A . The M phase-specific C. mero-
lae actin gene and cytosolic rRNA were used as
probes for comparison. As shown in Fig. 6A, a single
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band 2.4 kb in size, distinct from the actin gene, was
detected in each lane. This indicates that cmSAT is
transcribed throughout the C. merolae mitotic cycle.
3.5. Immunoblot analysis
To measure protein levels in a cell, we raised
antibody against cmSAT protein. Crude cell extracts
were prepared from samples drawn at the same six
times in the mitotic cycle of C. merolae as used in
the Northern blot analysis. These were used to study
protein levels during the mitotic cycle and were
extracted for immunoblotting. Fig. 7A shows an im-
munoblot for these proteins, run on an SDS-poly-
acrylamide gel. A strong band, corresponding to a
31-kDa protein, was detected in each lane. The inten-
sity of this band did not change during the mitotic
cycle. The results of the Northern blotting and im-
munoblotting studies agree with each other and indi-
cate that cmSAT is expressed constitutively through-
out the mitotic cycle. The 31-kDa size also agrees
well with the predicted molecular weight of 30 566
for the protein less the 120 amino acids from the
N-terminal region which are thought to be the target-
.  .ing peptide Fig. 1 . As the cell cycle proceeded, a
second 45-kDa band appeared and became more ob-
vious. The 45-kDa size is near to the molecular
weight of 43 737 predicted for the entire amino acid
sequence. It is possible that this larger band repre-
sents unprocessed protein prior to transport.
Protein levels under dark and sulfate deficient
conditions were further investigated by immuno-
Fig. 8. Subcellular localization of the cmSAT protein and the Rubisco large subunit shown by immunoelectron micrographs of cell
 .  .  .sections. A A reference, electron micrograph of a cell embedded in Spurr’s resin. At interphase, the nucleus n , mitochondrion m and
 .  .  .chloroplast c are arranged in this order. Gold particles attached to anti-cmSAT protein B at interphase and C in a dividing cell.
 .  .  .Micrographs showing results with D the anti-Rubisco large subunit and E rabbit preimmune serum negative control are shown. Bars:
0.5 mm.
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Table 2
The number of gold particles per mm2
 .Chloroplast Mitochondrion Nucleus Cytoplasm Outside the cell background
cmSAT 2.91"0.90 0.40"1.11 0.37"1.08 1.16"0.80 0.34"0.48
Rubisco 6.67"1.52 0.62"1.31 0.43"0.86 0.60"0.73 0.23"0.24
Preimmune 0.40"0.69 0.37"0.91 0.17"0.58 0.24"0.37 0.23"0.25
 .  .  .Data are means"S.D. cmSAT protein ns16 , Rubisco large subunit ns9 and preimmune ns12 .
 .blotting Fig. 7B . Crude extracts from a cell culture
 .grown in sulfate-deficient conditions 0 mM sulfate
for 12, 24 and 72 h, and in the dark for 72 h were
immunoblotted and compared with cells grown under
normal conditions. A single 31-kDa band was de-
tected in each lane and there was no variation in the
band, although the detected bands were somewhat
irregular in sulfate-deficient conditions and under the
dark condition. It can be interpreted that some extra
proteins expressed in these conditions caused irregu-
lar electrophoresis but the expression of cmSAT was
not changed. In summary, this series of experiments
demonstrate constitutive expression of cmSAT.
3.6. Localization of cmSAT
Immunoelectron microscopy was performed using
anti-cmSAT protein antibodies to localize the cmSAT
protein in the C. merolae cell. Anti-Rubisco large
subunit antibodies were used to compare protein lo-
calization, and preimmune rabbit serum was used as a
control. At interphase, one nucleus, one mitochon-
drion and one chloroplast are clearly recognized as
shown in Fig. 8A. At this phase, with the cmSAT
protein, gold particles were primarily found in the
 .chloroplast Fig. 8B . A few particles were also seen
in the cytoplasm. These observations are the same in
 .a dividing cell Fig. 8C . This also agrees with the
results of the Northern blots and immunoblots, and
shows that cmSAT is expressed constitutively.
The distribution of gold-labeled anti-cmSAT pro-
tein was compared with those of the anti-Rubisco
large subunit and preimmune controls. With the anti-
Rubisco large subunit antibodies, most of the gold
 .particles were found in the chloroplast Fig. 8D .
There were few gold particles in cells treated with the
 .preimmune serum Fig. 8E . The number of gold
particles per mm2 in the chloroplast, mitochondrion,
cell nucleus, cytoplasm and outside the cell back-
.ground with the anti-cmSAT protein, anti-Rubisco
large subunit antibody and preimmune rabbit treat-
 .ments were analyzed statistically Table 2 . With
anti-cmSAT, there were more gold particles in the
chloroplasts and cytoplasm than in the other regions.
The differences in the number of particles found
between in the chloroplasts and cytoplasm, and be-
tween the cytoplasm and background were both sig-
 .nificant t-test, p-0.002 . The Rubisco large sub-
unit was primarily localized to the chloroplasts, and
gold particles in the preimmune treatment were few
and randomly distributed.
These findings agree with microscopic observa-
 .tions Fig. 8 , which indicate that the cmSAT protein
is found primarily in the chloroplast and there are a
few molecules in the cytoplasm. There are about 2.5
times as many gold particles on the chloroplast as
found in the cytoplasm and the chloroplast occupies
more than half the cell volume. So the majority of
cmSAT proteins probably exist in the chloroplast. As
cmSAT gene is coded in the cell nucleus, protein
should be translated in cytoplasm and transported to a
chloroplast. The protein found in the cytoplasm may
be en route to the chloroplast.
4. Discussion
In this study, serine acetyltransferase gene was
isolated from a thermo-acidiphilic red alga. This is
the first report of an algal SAT gene in organisms
from a sulfurous environment.
cmSAT is significant for the following reasons.
First, cmSAT is a chloroplast isoform. Sulfate assimi-
lation is thought to occur primarily in the chloroplast.
Two sulfate permeases, CysT and CysW, are found in
the C. merolae chloroplast genome together with
CysG, which catalyzes the formation of a sulfite
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 .reductase cofactor Ohta, personal communication .
This indicates the importance of the chloroplast in
sulfate assimilation. Secondly, C. merolae is a
thermo-acidiphilic red alga that lives in a sulfurous
environment. The purpose of studying the SAT of
this alga was to reveal the mechanisms of sulfate
assimilation in plants and to find clues as to how this
alga adapted to its particular environment.
We isolated cmSAT gene from genomic DNA.
Until now, as for SAT in plants, many cDNA clones
were isolated but only one SAT gene in watermelon
 . w xwhich codes Sat2 was analyzed 31 . This gene has
two introns, one of which divides a protein coding
region. In comparison, cmSAT probably has no in-
trons by comparing with other SAT genes and cDNA
 .clones Fig. 2 and from the results of Northern
 .blotting using several DNA probes data not shown .
It is because C. merolae is one of the most primitive
algae. When and where introns were inserted in
evolution is an interesting question.
We studied SAT activity of the fusion protein.
Cysteine inhibits SAT activity to the same degree as
w x  .it inhibits E. coli SAT 3 Table 1 . Sat2 in water-
melon is also inhibited as the same level as E. coli
w xand cmSAT 8 , although purified SAT from kidney
w xbeen seedlings grown in the dark 33 and SAT1 in
w xArabidopsis are 10 not inhibited by cysteine up to
50 mM and 1 mM, respectively. It might be due to
either the different characteristics in plant species or
the different role of isoforms in plants. If the latter is
true, perhaps one type which is inhibited by cysteine
to the same degree as E. coli is a common type from
bacteria to higher plants and are mainly concerned in
cysteine synthesis. cmSAT showed K values of 0.3m
 .mM for acetyl-CoA and 0.1 mM for L-serine Fig. 4 .
These values are the same order as those reported in
w x w xE. coli 33 , watermelon 8 and kidney bean seedlings
w x32 . It is proposed that enzymatic properties such as
K values and cysteine inhibition are well conservedm
in plants and microorganisms. Using an Ni-NTA
column, the enzyme activity was purified and it
showed a five-fold increase, compared with the crude
 .extract Table 1 . The modest increase of SAT activ-
ity might be due to liberation from OASTL in E. coli
extracts. The association of OASTL and SAT which
form a cysteine synthase complex was first discov-
w xered in the pioneering work of Kredich 34 in
Salmonella typhimurium. The plant cysteine synthase
complex has been found in native extracts from
w xvarious species 26,35 and an association of cytoso-
lic OASTL and SAT isoforms expressed in bacteria
w xcan be demonstrated in vitro from watermelon 8 . An
activation of purified SAT from spinach by increas-
w xing amount of OASTL 4 suggests an allosteric or
stabilizing interaction of the two proteins. Besides, an
analysis of protein–protein interaction of SAT from
A. thaliana in vivo using the yeast two-hybrid system
revealed specific protein domains that mediates
SATrOASTL and SATrSAT interaction and coin-
cide with the catalytic region of SAT, suggesting an
effect on catalytic function of structure of the cys-
w xteine synthase complex 36 . Its close relation be-
tween the structure and function might be conserved
in general and as cmSAT as well as other SAT from
several plant species can complement SAT deficient
mutant of E. coli, cysteine synthase complex can
probably be formed between interspecific proteins.
Immunoblotting showed that expression was not
 .affected by sulfate deficiency Fig. 7B . SAT mRNA
level of cyanobacteria and Arabidopsis is evidently
w xstimulated by sulfate deficiency 37,38 , although no
marked changes in mRNA levels were detected in a
spinach cell culture or in watermelon seedlings
w x31,39 . This difference can also be interpreted as
different characteristics of SAT isoforms or differ-
ence in species. As the responses to sulfate deficiency
are different among higher plants, it is possible that
three isoforms are differently regulated under the
nutritional conditions. Southern blotting indicated
 .other isoforms of SAT in C. merolae Fig. 5 and we
isolated another isotype by degenerate PCR unpub-
.lished data . Characterization of SAT isoforms may
help understanding the role of cellular compartments
for sulfate assimilation.
 .Northern blot analysis Fig. 6A , immunoblot anal-
 . ysis Fig. 7A and immunoelectron microscopy Fig.
.8B,C showed that cmSAT is transcribed and trans-
lated throughout the mitotic cycle and exists in a
chloroplast. Immunoblot detected a second, 45-kDa
band, indicating the unprocessed protein, during the
dark periods under 12 h lightrdark conditions. The
longer the period of darkness, the stronger these
bands became. The accumulation of this 45-kDa pro-
tein may be due to either the less efficiency of
transport or enhanced translation. As signal intensi-
ties of 31-kDa protein did not decrease from D0 to
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D12, one possibility is enhanced translation. During
and after a mitosis, protein synthesis might be active
to keep the protein level after cell division at the
same extent as before cell division. In fact, the cell is
almost half the size at D12 as that at L4. Perhaps the
31-kDa protein seems to be the same level during a
mitosis because it is increased at the same degree as
total cellular proteins.
A chloroplast is expected to play an important role
as it has been thought because of constitutive expres-
sion of cmSAT in C. merolae. We will study other
SAT isoforms and OASTL proteins and clarify the
intracellular mechanisms of sulfate assimilation.
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